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(57) ABSTRACT

An actuating apparatus includes a first pulley to which a
rotational power of a motor is transmitted, a second pulley to
which a rotational power of the first pulley is transmitted
through a wire, displacement encoders for detecting respec-
tive rotational angles of the first pulley and the second pulley,
a slip amount calculator for calculating a slip amount of the
second pulley with respect to the wire, and a motor controller
for controlling a torque output from the motor based on the
slip amount. The slip amount calculator calculates the slip
amount based on a change in a rotational angular velocity of
the first pulley, a difference between the rotational angles of
the first pulley and the second pulley, and the torque output
from the motor.

4 Claims, 3 Drawing Sheets
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1
ACTUATING APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATION

This application is based upon and claims the benefit of
priority from Japanese Patent Application No. 2012-192091
filed on Aug. 31, 2012, the contents of which are incorporated
herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an actuating apparatus for
actuating a joint of a robot.

2. Description of the Related Art

Japanese Laid-Open Patent Publication No. 10-249777
discloses a robot arm actuating apparatus including three
links, which are coupled by three joints and extend from the
base of an actuating system to the distal end of a hand. The
base of the actuating system has three pulleys fixed to respec-
tive actuators. Each of the joints has a joint shaft, on which
there are mounted as many independently rotatable pulleys as
the number of wires that are trained around the pulleys and
operatively coupled to the joint. When the robot arm comes
into contact with an external environment, the wires, which
are trained around the pulleys and fixed to the respective
actuators, slip on the pulleys, thereby preventing the robot
arm from applying excessive forces to the external environ-
ment.

SUMMARY OF THE INVENTION

However, when an external force is applied to any one of
the joints, the torque that actually is imposed on the joint
becomes different from the torque that is applied from the
actuator, e.g., a motor, to the joint. Since the actuator is
controlled such that the actual applied torque is intended to
serve as a target torque, the joints cannot be controlled appro-
priately.

Itis an object of the present invention to provide an actuator
apparatus, which is capable of appropriately controlling an
angularly movable member such as a joint or the like, even
during times that external forces are applied to the angularly
movable member.

According to the present invention, there is provided an
actuating apparatus comprising a rotary actuator, a coupling
mechanism connected to an output side of the rotary actuator,
a first member connected to an output side of the coupling
mechanism, a second member connected to an angularly
movable member incorporated in a joint, an elastic member
for transmitting rotational power from the first member to the
second member, a displacement detecting unit for detecting
respective displacements of the first member and the second
member, a slip amount calculator for calculating a slip
amount of the second member with respect to the elastic
member, and a rotation controller for controlling an output
torque from the rotary actuator based on the slip amount,
wherein the slip amount calculator calculates the slip amount
based on a change in a rate of displacement of the first mem-
ber, a difference between the respective displacements of the
first member and the second member, and the output torque
from the rotary actuator.

In the actuating apparatus, the slip amount calculator may
calculate the slip amount according to the following equation:

S=I1/kr(dO1(n+1)~dO 1 (1)) d+(02(m)-01 (1)) —vr () ey
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where S is the slip amount, 11 is an inertial moment of the first
member, the coupling mechanism, and the rotary actuator, kr
is a torsion spring constant between the first member and the
second member, 01(n) is a displacement of the first member
detected at a timing n, 82(n) is a displacement of the second
member detected at the timing n, d01(n) is a change in the rate
of displacement of the first member detected at the timing n,
and Tr(n) is an output torque from the coupling mechanism
detected at the timing n.

In the actuating apparatus, the slip amount calculator may
perform a low-pass filtering process on the calculated slip
amount in order to correct the slip amount.

In the actuating apparatus, a slip start torque at which the
first member starts to slip with respect to the elastic member
may be established, based on a tensile force applied to the
elastic member before the rotary actuator is energized, a total
length of the elastic member, a coefficient of static friction
between the second member and the elastic member, a dis-
tance between the first member and the second member,
respective radii of the first member and the second member,
and a speed reduction ratio, including a reduction ratio of 1:1,
of'the coupling mechanism. The rotation controller may con-
trol the rotary actuator such that the rotary actuator outputs
the torque that is less than the slip start torque.

According to the present invention, since the slip amount is
calculated based on the change in the displacement rate of the
first member, the difference between the displacements of the
first member and the second member, and the output torque
from the rotary actuator, it is possible to determine an actual
torque tact, which actually is applied from the rotary actuator
to the angularly movable member at the junction. Displace-
ment of the junction can thus be controlled appropriately in
terms of acceleration, speed, and position.

The slip start torque at which the first pulley 16 starts to slip
on the elastic member is established, based on the tensile
force applied to the elastic member before the rotary actuator
is energized, the total length of the elastic member, the coef-
ficient of static friction between the second member and the
elastic member, the distance between the first member and the
second member, the respective radii of the first member and
the second member, and the speed reduction ratio of the
coupling mechanism. The rotation controller controls the
rotary actuator such that the rotary actuator will output a
torque that is less than the slip start torque. Therefore, during
times that the motor is energized, the first member is pre-
vented from slipping on the elastic member.

The above and other objects, features, and advantages of
the present invention will become more apparent from the
following description when taken in conjunction with the
accompanying drawings in which a preferred embodiment of
the present invention is shown by way of illustrative example.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a view showing an overall structure of an actuat-
ing apparatus according to an embodiment of the present
invention;

FIG. 2 is a schematic diagram showing the manner in
which a level of mechanical strength required for a wire is
established; and

FIG. 3 is an electric block diagram of a controller of the
actuating apparatus.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

An actuating apparatus according to a preferred embodi-
ment of the present invention will be described in detail below
with reference to the accompanying drawings.
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FIG. 1 shows the overall structure of an actuating apparatus
10 according to an embodiment of the present invention. As
shown in FIG. 1, the actuating apparatus 10 includes a motor
12, a coupling mechanism 14, a first pulley 16, a wire 18, a
second pulley 20, an angularly movable member 22, and a
controller 24.

The motor 12, which serves as a rotary actuator, is an
electric motor. When electric power is supplied to the motor
12 from an electric power supply, not shown, the motor 12
generates a torque for rotating an output shaft 124 (motor
shaft) of the motor 12 about its axis. The coupling mechanism
14 includes an input shaft 14a coaxially connected to the
output shaft 12a for rotation in unison therewith. The cou-
pling mechanism 14 transmits rotational power input from the
output shaft 12a to the input shaft 14a at a given speed
reduction ratio, and outputs rotational power at the reduced
speed from an output shaft 145 of the coupling mechanism.
The output shaft 145 of the coupling mechanism 14 is con-
nected to an input shaft 16a of the first pulley (first member)
16. The coupling mechanism 14 may transmit rotational
power input from the input shaft 14a to the output shaft 145
without a reduction in speed, i.e., at a speed reduction ratio of
1:1. In other words, the coupling mechanism 14 may be any
type of mechanism capable of transmitting rotational power
from the motor 12 to the first pulley 16.

The wire 18, which comprises an annular elastic member,
is trained around the first pulley 16 and the second pulley 20
for transmitting rotational power from the first pulley 16 to
the second pulley 20. The second pulley 20 has an output shaft
20a to which the angularly movable member 22 is connected.

The actuating apparatus 10 is combined with a joint of a
robot. If the angularly movable member 22 is incorporated in
a knee joint of the robot, then the angularly movable member
22 is mounted on the lower leg of the robot, whereas the motor
12 is mounted on the thigh of the robot.

The total length and rigidity of the wire 18 as well as the
radii of the first and second pulleys 16, 20 may be changed
appropriately in order to change the rigidity of the joint com-
bined with the actuating apparatus 10.

The actuating apparatus 10 also includes displacement
encoders 26, 28 and a torque sensor 30. The displacement
encoder (rotational angle detecting unit, displacement detect-
ing unit) 26 detects a rotational angle (displacement) 6m of
the motor 12. The displacement encoder (rotational angle
detecting unit, displacement detecting unit) 28 detects a rota-
tional angle (displacement) 02 of the second pulley 20. The
torque sensor 30 detects a torque Tr that is output by the
coupling mechanism 14. The displacement encoder 26, the
displacement encoder 28, and the torque sensor 30 output
respective signals (values) to the controller 24, which repre-
sent the detected rotational angle 6m, the detected rotational
angle 02, and the detected torque Tr.

The torque sensor 30 may be combined with the motor 12
in order to detect an output torque tm output from the motor
12. The detected output torque Tm output from the motor 12
may be multiplied by the speed reduction ratio of the coupling
mechanism 14, so as to calculate the torque tr output by the
coupling mechanism 14. Alternatively, a current sensor, not
shown, may additionally be provided in order to detect a
current that is supplied from the controller 24 to the motor 12.
The current detected by the current sensor may be multiplied
by a torque constant, i.e., the coefficient of an output torque
generated by the supplied current, so as to calculate the output
torque Tm output from the motor 12.

FIG. 2 is a schematic diagram showing the manner in
which a level of mechanical strength required for the wire 18
is established. It is assumed that the first pulley 16 has a radius
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r (m), the second pulley has aradius R (m), and the wire 18 has
atotal length (full circumferential length) L (m). The wire 18
is trained in a crossed shape around the first pulley 16 and the
second pulley 20. As will be discussed in relation to the
equation shown below, b1 represents a distance from the point
at which the wire 18 crosses itself between the first and
second pulleys 16, 20 to a tangent point where the wire 18 is
tangential to the first pulley 16, and b2 represents a distance
from the point at which the wire 18 crosses itself between the
first and second pulleys 16, 20 to a tangent point where the
wire 18 is tangential to the second pulley 20. Further,
although in FIG. 2, the wire 18 is shown as being trained in a
crossed shape around the first pulley 16 and the second pulley
20, the wire 18 may also be trained in an annular shape around
the first pulley 16 and the second pulley 20.

Itis assumed that when a torque is applied to rotate the first
pulley 16, the second pulley 20 starts to slip on the wire 18 at
acertain torque (slip start torque) Ts. A tensile force Ts/R (N)
is applied to the wire 18 when the slip start torque Ts is
applied to the second pulley 20. Also, a coefficient of static
friction 1 exists between the wire 18 and the second pulley 20
at the time that the wire 18 is trained fully circumferentially
around the second pulley 20. A tensile force Fp, which is
applied to the wire 18 before the first pulley 16 is actuated, is
expressed by the following equation:

Fp=L-Ts'1/(2- R (L-2(b1+b2)))

TR

where “-” represents multiplication. Therefore, the wire 18
needs to have a certain level of mechanical strength, which is
large enough to prevent the wire 18 from becoming broken
while a tensile force of Ts/R+Fp is being applied to the wire
18.

The slip start torque Ts can be determined from the above
equation based on the tensile force Fp, the total length . of the
wire 18, the coefficient of static friction p, the distance
between the first pulley 16 and the second pulley 20, and the
radius R of the second pulley 20. Since a slip start torque Ts1
at which the first pulley 16 starts to slip on the wire 18 can be
expressed by Ts1=Ts-R/(rxthe speed reduction ratio of the
coupling mechanism 14), by ensuring that the output torque
of'the motor 12 remains less than Ts1, the first pulley 16 can
be prevented from slipping on the wire 18.

InFIG. 2, the radius r of the first pulley 16 is shown as being
smaller than the radius R of the second pulley 20. However,
the first pulley 16 and the second pulley 20 will be described
below as having the same radius.

When a force from an external source (external force) is
applied to the angularly movable member 22, as the second
pulley 20 slips on the wire 18, the torque that actually is
applied to the angularly movable member 22, i.e., the torque
applied to the angularly movable member 22 that is calculated
based on the difference between respective rotational angles
of'the first pulley 16 and the second pulley 20, is represented
by the sum of the external force and an actual torque Tact,
which is transmitted from the motor 12 to the angularly mov-
able member 22. Consequently, the actual torque tact that is
transmitted from the motor 12 to the angularly movable mem-
ber 22 cannot be controlled so as to be equal to the target
torque Tref.

The controller 24 determines an amount of slippage (slip
amount S), and controls the motor 12 in order to make the
torque transmitted to the angularly movable member 22 equal
to the target torque tref, by estimating an actual torque tact
that is transmitted from the motor 12 to the angularly movable
member 22. In the present embodiment, inasmuch as the
controller 24 controls the motor 12 to generate a torque that
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prevents the first pulley 16 from slipping on the wire 18, in
principle, the first pulley 16 does not slip on the wire 18.

A process of calculating the slip amount S will be described
below. The equation of motion for the first pulley 16 is
expressed as follows:

al=tl1/11 (€8]

where a1 is a rotational angular acceleration of the first pulley
16, t1 is the torque applied to the first pulley 16, and I1 is a
moment of inertia of the first pulley 16, the coupling mecha-
nism 14, and the motor 12.

The rotational angular accelerational al is expressed as
follows:

al=(d01(n+1)-dO1(m))/dt @)

where 01(n+1) is a rotational angle (displacement) of the first
pulley 16, which is detected at a timing (n+1) (e.g., a present
detection timing), 01(n) is a rotational angle (displacement)
of the first pulley 16, which is detected at a timing n (e.g., a
preceding detection timing), and dtis a sampling time. There-
fore, d01(n+1) represents the rotational angular velocity (dis-
placement rate) of the first pulley 16 at the timing (n+1),
whereas d01(n) represents the rotational angular velocity
(displacement rate) of the first pulley 16 at the timing n.

The rotational angular acceleration d81(n+1) is expressed
by the equation d61(n+1)=(61(n+1)-061(n))/dt, and the rota-
tional angular velocity d01(n) is expressed by the equation
do1(n)=(61(n)-61(n-1))/dt.

The rotational angle 61 of the first pulley 16 is determined
by dividing the rotational angle Om of the motor 12, which is
detected by the displacement encoder 26, by the speed reduc-
tion ratio of the coupling mechanism 14. The rotational angu-
lar velocity d61 of the first pulley 16 is determined by difter-
entiating the rotational angle 01 of the first pulley 16.

The torque Tl equals the sum of the torque Tr, which is
applied from the coupling mechanism 14 to the first pulley 16,
and the torque that is applied from the second pulley 20 to the
first pulley 16. Taking into account the slip amount S of the
second pulley 20, the torque Tl is expressed as follows:

w1 =kr-(01(12)- (02 () -S))+1r () 3)

where kr is a torsion spring constant (N-m/rad) between the
first pulley 16 and the second pulley 20, which is representa-
tive of the rigidity of the joint, 62 (n) is a rotational angle of
the second pulley 20, which is detected at the timing n, and
Tr(n) is a torque from the coupling mechanism 14, which is
detected at the timing n. The rotational angle 082 of the second
pulley 20 is detected by the displacement encoder 28.

From the above equations (1), (2), and (3), the slip amount
S is determined according to the following equation (4):

S=I1/kr(dO1(n+1)~dO 1 (1)) d+(02(m)-01 (1)) —vr () ey @)

The first term “d01(n+1)-d01(n))/dt” of equation (4) rep-
resents a change in the rotational angular velocity d61 of the
first pulley 16, i.e., a rotational angular acceleration (dis-
placement acceleration) a. The second term “02(n)-61(n)”
represents the difference between the rotational angles (dis-
placement difference) of the first pulley 16 and the second
pulley 20, and the third term “Tr(n)” represents the torque
output from the coupling mechanism 14. Consequently, the
slip amount S varies depending on the change in the rotational
angular velocity d61 of the first pulley 16, the difference
between the rotational angles of the first pulley 16 and the
second pulley 20, and the torque output Tr from the coupling
mechanism 14, i.e., the output torque Tm of the motor 12.

If the second pulley 20 slips on the wire 18 under an
external force, which is applied to the angularly movable
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member 22 due to a disturbance, then the rotational angular
velocity d61 of the first pulley 16 as well as the torque Tr
remain essentially unchanged. Therefore, the difference
between the rotational angles of the first pulley 16 and the
second pulley 20 changes primarily in a low frequency range.

Slippage of the first pulley 16 against the wire 18 implies
that the motor 12 is controlled in order to generate a force in
excess of a limiting static friction. If the limiting static friction
is known, then it is possible to control the motor 12 such that
the first pulley 16 will not slip. As described above, the first
pulley 16 is controlled so as not to slip in principle. However,
since the motor 12 and the first pulley 16 are operatively
coupled to each other through the coupling mechanism 14,
the first pulley 16 may slip slightly on the wire 18 due to
mechanical characteristics (e.g., backlash) of the coupling
mechanism 14. If the first pulley 16 slips on the wire 18,
changes in the rotational angular velocity d01 of the first
pulley 16 and the torque tr occur at high frequencies, whereas
the difference between the rotational angles of the first pulley
16 and the second pulley 20 changes at a medium frequency.
The displacement encoder 28, which is a sensor required to
calculate the slip amount S, is poor in resolution, and is unable
to detect displacements that change at high frequencies.
Therefore, according to the present embodiment, the slip
amount S, which is calculated according to equation (4), is
corrected by a low-pass filtering process.

FIG. 3 is an electric block diagram of the controller 24. The
controller 24 basically includes a slip amount calculator 50
and a motor controller (rotation controller) 52. The motor
controller 52 includes a torque value calculator 60, operators
62, 64, and 66, a low-pass filter 68, a PD controller 70, and a
driver 72. Successive values of the target torque tref are
supplied to the controller 24. The successive values of the
target torque tref are applied from the motor 12 to the angu-
larly movable member 22 from a non-illustrated external
control apparatus.

The slip amount calculator 50 calculates (estimates) a slip
amount S according to equation (4) from the rotational angle
0m of the motor 12, which is detected by the displacement
encoder 26, the rotational angle 62 of the second pulley 20,
which is detected by the displacement encoder 28, and the
torque Ttr, which is detected by the torque sensor 30. The slip
amount calculator 50 then performs a low-pass filtering pro-
cess on the calculated slip amount S, thereby correcting the
slip amount S. The rotational angle 81 of the first pulley 16 is
determined by dividing the rotational angle 6m of the motor
12, which is detected by the displacement encoder 26, by the
speed reduction ratio of the coupling mechanism 14.

The torque value calculator 60 calculates (estimates) an
actual torque Tact applied from the motor 12 to the angularly
movable member 22, i.e., the second pulley 20, from the
rotational angle 01 of the first pulley 16, the rotational angle
02 of the second pulley 20, and the slip amount S. The actual
torque tact may be determined according to the equation
Tact=kr-(02-61-S). As described above, an actual torque tact
applied from the motor 12 to the angularly movable member
22 can be determined (estimated) by removing the slip
amount S, which occurs when an external force is applied to
the angularly movable member 22, from (62-61).

The operator 62 calculates the difference (tact—tc)
between the actual torque tact calculated by the torque value
calculator 60 and a torque tc, which is described in the next
paragraph. The low-pass filter 68 performs a low-pass filter-
ing process on the difference (tact—tc), thereby extracting a
disturbance torque td.

The operator 64 calculates the torque tc (tc=tref-td),
which represents the difference between the target torque tref
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applied from the motor 12 to the angularly movable member
22 and the disturbance torque td. The calculated torque Tc is
supplied to the operators 62, 66.

The operator 66 calculates a differential torque Tt (tt=tc-
Tact), which represents the difference between the torque tc
and the actual torque tact. The PD controller 70 calculates a
demand torque Tme for the motor 12 based on the differential
torque Tt according to a PD (Proportional plus Derivative)
control process, and outputs the demand torque Tmc to the
driver 72. The driver 72 then energizes the motor 12 based on
the demand torque Tmc.

Therefore, using the slip amount S, the motor controller 52
can control the motor 12 to make the actual torque Tact
applied from the motor 12 to the angularly movable member
22 equal to the target torque tref. The target torque tref is set
to a torque that is less than the slip start torque Ts1.

Since the slip amount S is estimated based on a change in
the rotational angle 61 of the first pulley 16, the rotational
angle difference (82-61) between the first pulley 16 and the
second pulley 20, and the output torque Tm of the motor 12, it
is possible to estimate the actual torque Tact that actually is
applied from the motor 12 to the angularly movable member
22 at the junction. Thus, the angular movement of the angu-
larly movable member 22 at the junction can be controlled
appropriately in terms of acceleration, speed, and position.

The slip start torque Ts1 at which the first pulley 16 starts
to slip on the wire 18 is established based on the tensile force
Fp applied to the wire 18 before the motor 12 is energized, the
total length L of the wire 18, the coefficient of static friction
1 between the second pulley 20 and the wire 18, the distance
between the first pulley 16 and the second pulley 20, the
respective radii r, R of the first pulley 16 and the second pulley
20, and the speed reduction ratio of the coupling mechanism
14. The motor controller 52 controls the motor 12 such that
the motor 12 will output a torque that is less than the slip start
torque Tsl. Therefore, the first pulley 16 can be prevented
from slipping on the wire 18 when the motor 12 is energized.

In the above embodiment, the slip amount calculator 50
performs a low-pass filtering process on the slip amount S,
which is calculated according to equation (4). However, the
slip amount calculator 50 need not necessarily perform a
low-pass filtering process on the slip amount S, which is
calculated according to equation (4), in view of the fact that
the slip amount S essentially refers to the amount of slippage
of'the second pulley 20 on the wire 18. Also, the torque tr and
the rotational angular velocity d61 ofthe first pulley 16 essen-
tially remain unchanged, so that the difference between the
respective rotational angles of the first pulley 16 and the
second pulley 20 changes primarily within a low frequency
range.

In the above embodiment, the first member, which serves
as the first pulley 16, and the second member, which serves as
the second pulley 20, undergo rotary motion. However, the
first member and the second member may also be moved
linearly. If the first member and the second member undergo
linear motion, the rotational power generated by the motor 12
is converted into linear power, which is transmitted to the first
member. Such a linear-motion actuating apparatus offers the
same advantages as the actuating apparatus that undergoes
rotary motion according to the illustrated embodiment.
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Although a preferred embodiment of the present invention
has been shown and described in detail above, the present
invention is not limited to the illustrated details. It will be
obvious to those skilled in the art that various changes and
modifications may be made to the embodiment while still
remaining within the scope of the invention as set forth in the
appended claims.

What is claimed is:

1. An actuating apparatus comprising:

a rotary actuator,

a coupling mechanism connected to an output side of the

rotary actuator,

a first member connected to an output side of the coupling

mechanism;

a second member connected to an angularly movable mem-

ber incorporated in a joint;

an elastic member for transmitting rotational power from

the first member to the second member;

a displacement detecting unit for detecting respective dis-

placements of the first member and the second member;

a slip amount calculator for calculating a slip amount of the

second member with respect to the elastic member; and

a rotation controller for controlling an output torque from

the rotary actuator based on the slip amount,

wherein the slip amount calculator calculates the slip

amount based on a change in a rate of displacement of
the first member, a difference between the respective
displacements of the first member and the second mem-
ber, and the output torque from the rotary actuator.

2. The actuating apparatus according to claim 1, wherein
the slip amount calculator calculates the slip amount accord-
ing to the following equation:

S=I1/kr(dO1(r+1)-dO1 (1)) d+(02()-01 (1)) —vr () ey

where S is the slip amount, I1 is an inertial moment of the first
member, the coupling mechanism, and the rotary actuator, kr
is a torsion spring constant between the first member and the
second member, 01(n) is a displacement of the first member
detected at a timing n, 82(n) is a displacement of the second
member detected at the timing n, d01(n) is a change in the rate
of displacement of the first member detected at the timing n,
and Tr(n) is an output torque from the coupling mechanism
detected at the timing n.

3. The actuating apparatus according to claim 2, wherein
the slip amount calculator performs a low-pass filtering pro-
cess on the calculated slip amount in order to correct the slip
amount.

4. The actuating apparatus according to claim 1, wherein a
slip start torque at which the first member starts to slip with
respect to the elastic member is established, based on a tensile
force applied to the elastic member before the rotary actuator
is energized, a total length of the elastic member, a coefficient
of static friction between the second member and the elastic
member, a distance between the first member and the second
member, respective radii of the first member and the second
member, and a speed reduction ratio, including a reduction
ratio of 1:1, of the coupling mechanism; and

the rotation controller controls the rotary actuator such that

the rotary actuator outputs the torque that is less than the
slip start torque.
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